AD-766  000 


REFINEMENT  OF  THE  WILLIA MS -LANDEL- 
FERRY  EQUATION 

D.  S,  Sanditov,  et  al 

Foreign  Technology  Division 
W r i gh t- P  a  tt e rs o n  Air  Force  Base,  Ohio 

6  August  1973 


DISTRIBUTED  BY: 


National  Technical  Information  Service 
U.  S.  DEPARTMENT  OF  COMMERCE 

5285  Port  Royal  Road,  Springfield  Va.  22151 


AD  7  6  6000 


FTD-HT-2 3-331-73 


FOREIGN  TECHNOLOGY  DIVISION 


REFINEMENT  OF  THE  WILLI AMS^LANDEL- FERRY  EQUATION 

fey 

D.  S.  Sanditov,  G,  M.  3artenev 


Iiel:  r- j  v 

c 


P^prcdu<rd  by 


Approved  for  public  release 
distribution  unlimited. 


FTD-HT-  23-831-73 


EDITED  TRANSLATION 

FTD-HT-2 3-831-73 

REFINEMENT  OF  THE  WILLIAMS- LANDEL-FF-RRY  EQUATION 

* 

By:  D.  S,  Sanditov,  G.  M.  Bartenev 
English  pages:  7 

Source:  Vysokomolekulyarnye  Soyedineniya, 

Seriya  B.  Kratkiye  Soobshcheniya,  Vol. 
No.  ]2 j  1972,  pp.  882-885. 

Country  of  origin:  USSR 

Translated  by:  John  A.  Miller 

Requester:  AFRPL/XPI 


Approved  for  public  release; 
distribution  unlimited. 


THIS  TRANSLATION  IS  A-RENDITION  OF  THE  ORIGI- 

NAL  FOREIGN  TEXT  WITHOUT  ANY  ANALYTICAL  OR 
EDITORIAL  COMMENT.  STATEMENTS  OR  THEORIES. 

PREPARED  BY: 

ADVOCATED  OR  IMPLIED  ARE  THOSE  OF  THE  SOURCE 

AND  DO  NOT  NECESSARILY  REFLECT  THE  POSITION 

TRANSLATION  DIVISION 

OR  OPINION  OF  THE  FOREIGN  TECHNOLOGY  Dl- 

FOREIGN  TECHNOLOGY  DIVISION 

VISION. 

WP-AFB,  OHIO. 

Dattf  Aue  1973 


HT- .  23-831-73 


U.  S.  BOARD  ON  GEOGRAPHIC  NAMES  TRANSLITERATION  SYSTEM 


Block 

Italic 

Transliteration 

Block 

Italic 

Transliterat: 

A 

a 

A 

a 

A,  a 

P 

p 

P 

P 

R,  r 

B 

6 

B 

6 

B,  b 

C 

c 

C 

c 

S,  s 

B. 

B 

B 

3 

V,  v 

T 

T 

T 

m 

T,  t 

r 

r 

r 

t 

G,  g 

y 

y 

y 

y 

U,  u 

H 

n 

n 

d 

D,  d 

4> 

<P 

<p 

F,  f 

E 

e 

E 

e 

Ye,  ye;  E,  e* 

X 

X 

X 

X 

Eh,  kh 

)K 

w 

M 

OK 

Zh,  zh 

u 

u 

U 

Ts,  ts 

3 

3 

3 

S 

Z,  z 

H 

H 

V 

V 

Ch,  ch 

K 

H 

H 

U 

I,  i 

Ill 

UJ 

111 

Ul 

Sh,  sh 

Pi 

ft 

n 

a 

Y,  y 

m 

m 

m 

Shch,  shch 

K 

K 

K 

K 

K,  k 

■b 

T> 

b 

■b 

11 

n 

n 

n 

n 

L,  1 

bi 

u 

b! 

u 

Y,  y 

M 

M 

M 

M 

M,  m 

b 

b 

b 

b 

H 

H 

H 

H 

N,  n 

3 

3 

3 

3 

E,  e 

0 

0 

0 

0 

0,  0 

10 

K> 

K) 

JO 

Yu,  yu 

n 

n 

n 

n 

P,  P 

ft 

H 

ft 

/? 

Ya,  ya 

*  ye  initially,  after  vowels,  and  after  t;  e  elsewhere. 
When  written  as  8  in  Russian,  transliterate  as  yb  or  *5. 
The  use  of  diacritical  marks  is  preferred,  but  such  marks 
may  be  omitted  when  expediency  dictates. 


FTD-HT-23-831-73 


UNCLASSIFIED 


SjcuriT^Ustiflcstlon^ 


DOCUMENT  CONTROL. DATA  -  R  LD 

(Sacurlty  cla*  tlflcatlon  of  tltla,  body  of  abstract  and  Inditing  Annofaf/on  must  ba  antarad  whan  tha  ovaratt  rapott  fa  ctaaatiiad) 


ORIGIN  A  TING  ACTIVITY  (CorjtOfMtO  MUthOt) 

Foreign  Technology  Division 
Air  Force  Systems  Command 
U.  S.  Air  Roree 


2*.  REPORT  SECURITY  CLASSIFICATION 

UNCLASSIFIED 


2b.  CROUP 


|S.  REPORT  TITLE 

|  REFINEMENT  OF  THE  WILLIAMS-LANDEL— FERRY  EQUATION 

■ 

1  4.  DESCRIPTIVE  NOTES  (Typa  of  tapotl  and  Incluatva  data*)' 

5  Translation 

- 

1  8.  AUTHORtS)  (Fitat  naar.a,  mlddla  tntttat,  laat  nama) 

|  D.  S.  Sanditov,  G.  M.  Bartenev 

J«  REPORT  DATE 

la.  TOTAL  NO.  OF  PAGES 

76.  NO.  OF  REFS 

5  IQ  72 

7 

15 

l  U.  CONTRACT^bn  grant  no. 

9M.  ORIGINATOR**  REPORT  NUMBERS)  • 

1  6.  PROJECT  NO. 

FTD-HT-2  3-o  31-73 

(  c. 

\  d. 

Ob.  OTHER  REPORT  no  (si  (Any  othar  mwibota  that  may  ba  aaaigned 
thta  raport) 

10  DISTRIBUTION  STATEMENT 


i 
s 
s 

\  Approved  for  public  release;  distribution  unlimited. 

jjn.  SUPPLEMENTARY  NOTES 

il 

c 

1 

M 


12.  SPONSORING  MILITARY  ACTIVITY 


Foreign  Technology  Division 
V/right-Patterson  AFB,  Ohio 


IS.  ABSTRACT 


;  I  20 

*  < 


Security  Classification 


FOLLOWING  MS  THE  CORRESPONDING  RUSSIAN  AND  ENGLISH 


DESIGNATIONS  OF  THE  TRIGONOMETRIC  FUNCTIONS 


Russian 


English 


sin 

sin 

cos 

cos 

tg 

tan 

ctg 

cot 

sec 

sec 

cosec 

CSC 

sh 

sinh 

ch 

cosh 

th 

tann 

cth 

coth 

sch 

sech 

each 

csch 

arc  sin 

sin-1 

arc  cos 

cos*"1 

arc  tg 

tan"l 

arc  ctg 

cot-1 

arc  sec 

sec~x 

arc  cosec 

csc”^- 

arc  sh 

sinh”1 

arc  ch 

cosh--^ 

arc  th 

tanh-^- 

arc  cth 

coth“l 

arc  sch 

sech~^ 

arc  csch 

csch-^ 

rot 

curl 

lg 

log 

FTD-HT-2 3-831-73 


ii 


REFINEMENT  OF  THE  WILLIAMS-LANDEL- 
FERRY  EQUATION 

D.  3.  Sandimov  and  G.  f*.  Bartenev  • 

The  equivalence  of  the  influence  of  temperature  and  time  on 
the  relaxation  properties  of  polymers  was  first  discovered  by 
Kobeko,  Aleksandrov,  and  Lazurkin  [1,  2],  and  then  confirmed  by 
vast  experimental  data  in  the  works  by  Linderman,  Tobolsky, 

Ferry,  et  al.  [3, 

In  polymers,  physical  relaxation  involves  two  basic  processes 
1)  orientation  and  shifting  of  the  free  segments  of  the  chain 

molecules,  occurring  very  rapidly,  with  relaxation  times  of 

-6 

10  -10  s  at  20°;  2)  rearrangement  of  the  elements  of  the 

supermolecular  structure,  occurring  slowly,  with  relaxation 

Z| 

times  within  the  limits  10-10  s.  In  particular,  viscous  flow 
of  linear  polymers  involves  this  second  process  15,  6]. 

These  two  processes  pertain,  respectively,  to  the  rapid  and 
slow  stages  of  physical  relaxation.  The  process  of  the  slow 
relaxation  stage  is  found  in  the  highly-elastic  state,  and.  can 
be  approximately  described,  by  a  discrete  relaxation-time  spectrum 
[5].  The  process  of  the  rapid  stage  of  physical  relaxation, 
playing  the  basic  role  in  the  glass  transition  of  polymers,,  can 
be  quite  accurately  described  by  the  averaged  r-elaxatior  time 
along  [2,  4]. 
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Table.  Values  of  the  constants  of  equations  (i)  and  (5),  charac¬ 
terizing  the  temperature  dependence  a,n(T)  for  various  polymer, 
systems . 


Amorphous  substance 

T  °K 
c 5 

/ 

al. 

1 

1 

a23  ' 
'  deg 

a°  =  (*  '  Tc) 

Organic 

polymers  [4] 

•  • 

Poly isobutylene 

202 

38.1 

104.4 

0.50 

Natural  rubber 

204 

38.5 

;  53-6 

0.82 

Polyhexane-1 

218 

51.1 

"  20.2 

0.90 

Polyurethane 

238 

35  -  6  ' 

32.6 

0.86 

Polymethyl  acrylate 

2.7  6 

41.6 

45.0 

0.84 

Polyvinyl  chloride-acetate 

296  : 

40.1 

40. 4 

0.86 

Polyvinyl  acetate 

305 

;  3.5.9 

46.8 

0.-85  " 

Inorganic  polymers  and  glass  [8] 

Vitreous  boric  oxide 

533 

42.6 

,246 

0.54 

Lead  silicate  glass 

713  . 

32.-2 

280 

0.61 

Alkali-silicate  glass 

783 

36.1 

ro 

CO 

-Er 

i  0.64 

Alkali-silicate  glass  No.  1 

788 

30.0 

260 

0.67 

Alkali-s.ilicate  glass  No.  10 

828 

36.8 

320 

0.61 

Ferry  et  al.  [4]  showed  that  the  temperature  dependence  of 

the  mechanical  and  electrical  properties  of  amorphous  polymers 

(and  also  low-molecular  amorphous  substances)  above  the  glassr- 

transition  temperature  T  ,  approximately  in  the  range  T  +  100°, 

c  c 

can  be  described  by  one  empirical  function  a^(T),  which  is  the 
ratio  of  the  rapid  stage  of  physical  relaxation  at  temperature 
T  to  a  certain  reduction  temperature  TQ:  aT  =  x(T)/t(Tq).  As 
the  reduction  temperature  we  usually  select  T  ,  which  is  the 
characteristic  temperature  of  amorphous  substances. 

Since  the  temperature  dependence  of  the  viscoelastic 
properties  can  be  represented  by  the  unique  function  a^.CT),  it 


£ 
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is  naturally  very  important  to  carefully  study  the  form  of  this 
function  and  its  significance.  At  present,  the  so-called  Williams- 
Lande  1-Ferry  equation  [4-]  is  widely  used,  to  calculate  a^: 


where  the  dimensionless  coefficient  a^  a,  40  is  a  practically 
universal  constant  for  all  amorphous  substances  (Fig.  1)-.  Constant 
a;,  has  the  dimensions  of  temperature,  and  initially  it  v/as  also 
considered  to  be  universal  and  equal  to  50°.  However,  this  value 
is  valid  primarily  for  a  class  of  substances  for  which  T  a,  250-300°K 
(see  the  table).  For  inorganic  glass  (T  £  600-800°K)j  which 

O 

recently  has  been  examined  as  polymer  systems  [7.1,  the  values  of 
a0  «  300°  [8]; 


Thus,  the  value  of  a2  depends  on  the  nature  of  the  substance. 
In  addition,  equation  (1)  does  not  take  into  consideration  the 
dependence  of  T  on  the  rate  of  cooling  or  heating  q  =  dT/dt 
[1,  7]?  In  this  connection,  equation  (1)  is  not  universal, 
although  it  is  frequently  designated  as  such.. 

The  physical  significance  of  equation  (1).  has  been  discussed 
in  many  works  [4].  In  particular,  we  recently  showed  [9-11]  that 
the  constants 

a,  =  U(  /  kTt  (2) 

a.  =  (kTc/ E)  Tc,  (3) 


where  Uc  is  the  activation  energy  for  transfer  of  a  '  ■*  !c  unit 
(atom,  segment)  from  one  equilibrium  position  to  another  at  T  ; 

v 

E  is  the  energy  of  local  disintegration  or,  in  other  words,  the 
energy  of  formation  of  microcavities  on  the  order  of  atomic  or 
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segmental  dimensions  at  T  .  It  was  assumed  that  the  fluctuational 

v 

formation  and  disappearance  of  the  rnicrocavities  in  amorphous 

polymers  above  T  can  be  associated  with  the  change  in  conformation 

c 

(convolution  or  evolution^)  of  polymer  chains  due  to  internal 
rotation,  and  also  rotation  of  side  chains  about  the  carbon  chain.. 
The  value  of  E  practically  coincides  with  the  potential  barrier 
of  hindered  internal  rotation  in  polymers  (1-4  kcal/mole,  and 
was  proportional  to  the  glass-transition  temperature  [11,  12] 

E^QkTc  5^ 

This  approximate  equality  is  valid  for  all  studied  'noncrystalline 
solids  (Pig.  21. 

Fig.  1.  Correlation  between 
constant  a^  of  equation  (1) 

and  T  for  organic  and  inorganic 
o 

polymers  (graph  constructed  per 
data  by  Perry  [4]  and  Bestul 

[■83). 


Fig.  2.  Dependence  of 
energy  of  micro.disinte- 
gration  on  T  for  various 

amorphous  substances  [11  >, 
12]. 

Designations:  KKa/r/Mo/ib  = 

=  kcal/mole. 


Pig.  3*  Dependence  of  con¬ 
stant  a2  of  equation  (])  on 

T  for  various  polymer  systems, 
c 


Since  kTc/E  =  const  according  to  relationship  (4) ,  dependence 
(3)  of  coefficient  a.2  on  T  should  be  linear.  Actually,  the 
plot.,  within  limits  of  experiment  error,  is  a  straight  line  with 
a  slope,  as  was  to  be  expected,,  approximately  equal,  to  (Pig.  3) 

a:JTc^  0,32 

In  this  regard  we  easily  see  that  equation  (1)  can  be  re¬ 
written  in  the  form  [11] 

..  lgar— ’ r~Lr-  <5) 

where  the  coefficient 


unlike  a2,.  is  dimensionless  and'  practically  independent  of  the 
type  of  polymer  (table).. 

Thus  we  have  obtained  a  more  universal  form  of  equation  (1). 
However,  in  equation  (5)*  just  as  in  (1),.  T  cannot  be  considered 
a  constant  since  it  depends  on  the  rate  of  change  in  temperature 
per  the  familiar  Bartenev-Luk!y.anov  equation  [13,  14]. 

jr-=Ct(i-C]gq),  (7) 

where  C  %  0.03  Is  a  universal  constant,  while  Cn  varies  from 

-3-3—1  ^ 

3*10  to  10  deg  for  various  amorphous  substances.  This 

equation,  proposed  by  one  of  the  authors  [13],  is  valid  for  a 
broad  range  of  organic  and  inorganic  polymers  [7].  The  inter¬ 
connection  between  equations  (1)  and  (7)  has  been  studied  in 
prior  works  [9-11];  in  particular,  it  was  shown  [9]  that 
C  £  kTc/Uc  ^  l/ar 
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Consequently we  must  show  at  what  cooling  rate  T  was  deter- 

V 

mined,  or  reduce  all  values  of  T  to  some  single  Standard  value. 

According  to  Bartenev  and  Luk'yanov  [14],  as  the  "standard" 

glass-transition  temperature  T^t  we  can  arbitrarily  usd  that 

c  2 

temperature  for  which  relaxation  time  t  =  10  s  and  the  viscosity 
is  1013  poise.  The  glass-transition  temperature  determined  by 
d-ilatomefery  at  a  cooling  rate  of  3  deg/min  (0.05  deg/s)  approximately 
corresponds  to  the  standard  temperature..  Considering  that  when 
a  =  q.  =  3  deg/min  in  equation  (7)  constant  C^  is  ~1/1.04'TC> 
it  is  ;easy  to  obtain  a  formula  for  the  transition  .from  T  ,  measured 
at  an  arbitrary  cooling  rate,  to  T  ,  measured  at  the  standard 

C  T 

rate  q  =  Q.05  deg/min: 


1,04  \ 

i  -  0;031g  4  1 


(8) 


Prom  this  we  see  that  a  change  in  cooling  rate  by  one  order  of 

magnitude  leads  to  a  change  in  glass- transition  temperature 

AT  =  0.03T  .  For  example,  when  T  =  500°K,  the  value  AT  =  23°, 
c  c  c  c 

i.e.,  the  error  will  considerably  exceed  the  usual  experiment 
error. 


Considering  dependence  (8),  equation  (5)  can  be  rewritten 
in  sti'icter  form: 


111  <Zr  =  —fli 


T-T?a0 


1,04  y 
1  —  0,03  lg  q  I 

\  1  —  0,03  lg  q  I 


(9) 


Let  us  note  that  in  the  dilatometry  of  polymers  and  glass, 
in  many  countries  a  cooling  or  heating  rate  close  to  the  standard 
3  deg/min  is  used;  therefore,  literature  data  for  the  glass- 
transition  temperature  actually  refer  to  standard  temperatures. 
Consequently,  in  practice  we  can  use  equation  (5)  in  place  of  (9)} 
considering  that  T  =  T  in  it. 

V  (/ 
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As  shown  recently  by  Sloninskiy,  Askadskiy ,  aha  Kitaygorodskiy 

[153,  the  tacking  coefficient  far  molecules  of  amorphous  polymers 

having  tr-e  most  diverse  structure:.  is  equal  tb  ~0.68,  i.e.,  it 

coincides  with  the  value  of  the  constant  an  =  xi  -  k?  /E)  in 

u  c 

equation  (5)-  Hie  packing  coefficient  is  the  ratio  of  the 
natural  volume  of  the  atoms  comprising  the  molecules  to  the 
volume  of  the  substance s  defined  per  its  density. 


Conclusions 

tte  propose  a  refinement  cf  the  h'illiams-iandel-Perry  equation 
for  the  temperature  dependence  of  the  relaxation  time  during 
the  rapid  st  tge  of  physical  relaxation  of  polymers  above  the 
glass- transition  ibscperature  T^.  In  this  equation  we  have  con¬ 
sidered  the  dependence  of  T  oh  the  cooling  rate;  in  place  of 
coefficient  a^,  having  the  dimension  of  temperature  .ana  a  function 
of  the  type  of  polymer,  we  have  introduced  a  dimensionless, 
practically  universal  constant  aQ  = ‘ (1  -  a2/Tc)  ^  0.68. 
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